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In the case of other above ground workplaces, different approaches have been adopted. As a first step, workplaces in two known high radon areas were directed to have radon measurements carried out. This programme had limited success because of problems in obtaining accurate workplace databases and a general lack of awareness on the part of employers of the issues involved. From a sample of 2610 employers directed to measure radon, only 408 actually completed measurements and 37 workplaces were identified as having average 3 month average radon concentrations above 400 Bq m −3 . A total of 1356 employers ignored all correspondence, some of which was sent by registered post and signed for on receipt.
Current initiatives are focused on the provision of information and include newspaper advertising as well as publications aimed specifically at both employer and employee representative groups. The ability to provide accurate information that encourages both measurement and remediation is seen as central to an effective radon workplace programme.
(Some figures in this article are in colour only in the electronic version)
Introduction
Radon-222 (radon) is a naturally occurring radioactive gas arising from the radioactive decay of 238 U, a constituent of most rocks and soils. Because it is a gas, radon can move freely through soil, enabling it to enter the atmosphere or seep into buildings. Radon is also soluble in water, thereby providing an additional exposure pathway either through direct consumption of the water or through the breathing of radon released from the water into indoor air. Long-term exposure to high concentrations of radon has been shown to increase the risk of lung cancer and may also give rise to significant radiation doses to the skin (Kendall and Smith 2002) .
In Ireland, the annual average effective radiation dose has been calculated at 3.62 millisievert (mSv), of which 2.25 mSv is attributed to indoor radon (see figure 1) . The annual contribution from radon is based on the results of the Irish National Radon Survey (Fennell et al 2002) that measured indoor radon concentrations over a continuous period of 12 calendar months in 11 319 homes. The average radon concentration was 89 becquerels per cubic metre (Bq m −3 ), with a range of 10-1924 Bq m −3 . Using an exposure-dose conversion factor of 1 mSv radiation dose per 40 Bq m −3 radon concentration (Madden et al 1994) and an assumed building occupancy of 7000 h per annum, the National Radon Survey data correspond to annual radiation doses within the range 0.3-48 mSv in Ireland due to indoor radon.
The National Radon Survey is geographically based, with each sampling unit being one of 837 10 km × 10 km grid squares of the Irish National Grid. This has allowed high radon areas, defined as those areas where 10% or more of homes are predicted to have annual average radon concentrations above 200 Bq m −3 , to be identified. Radon maps for each of Ireland's 26 counties have been developed and are readily available (see www.rpii.ie). These maps provide the basis for current initiatives on radon exposure in the workplace.
The RPII operates an extensive monitoring programme of both natural and artificial radioactivity in air, water and foodstuffs and in the marine environment (RPII 2002 (RPII , 2003a . These data form the basis of the corresponding dose estimates in figure 1. Potassium-40 in the body is homeostatically controlled while doses from cosmic radiation at ground level have been taken from McAulay and Colgan (1980) . In the case of thoron and medical exposures, the doses have been derived from those published by UNSCEAR (2000).
National legislation on radon exposure in workplaces
The Safety, Health and Welfare at Work Act, 1989 (Stationary Office 1989 , requires employers to identify the hazards in the workplace, assess the risk to health and safety from these hazards and put in place measures to eliminate or reduce the risk. Where radon gas is identified as a hazard in the workplace the employer has a duty, as with any other hazard, to assess the risk and eliminate or reduce that risk. The National Authority for Occupational Safety and Health (more commonly referred to as the Health and Safety Authority), which enforces legislation governing health and safety in the workplace, has stated that, in order to assess the risk from radon, all indoor workplaces in high radon areas must have radon measurements carried out.
High radon areas may not always be densely populated and in some instances limited regulatory and monitoring resources can more effectively be used in 'high density low risk' areas where the total number of workplaces that exceed the reference level may be greater. While recognising that the highest individual radon concentrations are still likely to be found in high radon areas, the RPII recommends that all employers adopt a pro-active approach and consider having radon measurements carried out (RPII 2003b) .
The Radiological Protection Act, 1991 (Ionising Radiation) Order, 2000 (Statutory Instrument 125 of 2000) (Stationary Office 2000), enacts European Council Directive 96/29/EURATOM and deals more specifically with work activities involving significant exposure to radon. The order specifies a reference level for radon of 400 Bq m −3 , averaged over any 3 month period, above which employers are required to evaluate whether remedial measures to reduce radon concentrations should be taken. In addition, the order empowers the Radiological Protection Institute of Ireland (RPII) to direct employers to carry out radon measurements.
It is recognised that 3 month passive radon measurements will provide an average radon concentration over the entire measurement period. This includes nights, weekends and holiday periods during which time the building may be closed and, as a result, higher radon concentrations may be present. It is accepted that, in many instances, the measurement protocol specified in the legislation is more likely to over-rather than under-estimate the radon concentrations present while the workplace is occupied. However, long-term passive measurement is a cheap and straightforward technique that allows a large number of workplaces to be excluded from the requirements of the legislation.
The use of either seasonal adjustment factors or the results of active measurements are not specifically mentioned in the order. Employers whose workplaces have 3 month average radon concentrations in excess of the 400 Bq m −3 reference level can remediate or alternatively carry out an evaluation to determine whether remediation is justified. The RPII is currently preparing guidance to assist employers in this evaluation.
Criteria for the approval of laboratories offering a radon measurement service to workplaces are also defined in the order. Because the outcome of radon measurements in workplaces may form the basis of legal controls and result in significant expenditure to reduce radon concentrations it is important that the employer can have confidence in the results reported. As such, criteria for radon measurement laboratories are considered necessary.
For laboratories whose principal place of business is within the state, accreditation to European Standard EN 45001 (or its equivalent) is required. The radon measurement service offered by the RPII is accredited to this standard and is therefore an approved measurement service under the order. For a laboratory whose principal place of business is another EU member state, if it is approved by the relevant competent authority for approving or authorising radon measurement services in its own country, then it may also operate in Ireland. Thus the only restriction on non-Irish radon measurement services setting up in Ireland (either directly or through an agent) is that they have proven, to the satisfaction of their own national authorities, that they are competent. Irish-based individuals or companies are therefore free to enter into agreements with approved or accredited radon measurement laboratories based in other EU member states to act as their agent in Ireland.
Radon measurement programmes in workplaces

Radon measurements in underground workplaces
In previous years both area monitoring and personal radon monitoring of staff has been carried out in a small number of commercial show caves and mineral extraction mines. In some cases the radiation concentrations are low and therefore the work activity does not fall within the scope of current legislation.
In show caves, however, short-term radon concentrations up to 8000 Bq m −3 have been recorded. These caves are tourist attractions and reduction of the radon concentration as a means of reducing occupational exposure may not always be feasible-remediation may seriously reduce the attractiveness of the cave to such an extent that it may no longer be a tourist attraction. The other way to reduce individual exposures is to limit the number of hours that any cave guide spends underground. While this is likely to result in additional costs for the cave owners, it is often preferable to destroying the attraction and effectively closing down the business.
To date 25 underground workers have been identified as routinely receiving annual radiation doses in excess of 1 mSv and are therefore classified as exposed workers under the order. During 2002, 24 of these received less than 6 mSv. Thirteen are workers in three separate show caves while 11 were employed in a commercial lead and zinc mine. One show cave guide received an estimated dose of 12 mSv.
Radon measurements in schools
In 1998 the Institute was requested by the Department of Education and Science (DES) to initiate a programme of radon measurement in schools. This programme pre-dated the introduction of legislation in 2000 that set the reference level for workplaces, including schools, at 400 Bq m −3 . In order to provide additional protection to children while in school, the RPII has advised that remedial work should be undertaken to reduce exposure to radon where an occupied classroom is found to have radon concentrations above 200 Bq m . A total of 898 schools, or 26% of those that carried out measurements, require some degree of remediation to reduce indoor radon concentrations.
The DES is currently implementing a programme of remedial action to reduce radon levels in schools identified as having high radon levels. For concentrations up to 400 Bq m −3 , remedial action normally involves increasing the ventilation in the room in question. A policy of increased ventilation was adopted following a study by the UK's Building Research Establishment of ventilation in ten Irish schools with radon concentrations in the 200-400 Bq m −3 range (BRE 2001) . In all ten schools the existing ventilation rates were found to be below accepted standards and the study concluded that increasing the ventilation rate by installing vents could help reduce the accumulation of radon. For higher concentrations, an active system such as a sump is usually necessary. Following completion of remedial work, schools are retested by the RPII to verify that the work has been effective in reducing radon concentrations.
In situations where sumps are required, all installation costs are borne by the DES. The Department also provides a lump sum grant of €191 per affected room for schools that only require additional ventilation. All ongoing maintenance costs are the responsibility of the individual school.
Up to November 2003, grants have been paid by the DES to 591 schools to have additional permanent ventilation installed to reduce indoor radon concentrations. In 193 schools, active remediation systems are already in operation and in the remaining 114 schools remedial work is underway. To date the Institute had completed 2218 post-remediation measurements in 208 schools. Results are shown in table 2. The installation of active sumps resulted in an average reduction in radon concentrations in schools by a factor of 5.4 (82%) while the corresponding figure for increased ventilation was 1.9 (47%). These reductions were verified statistically ( p < 0.001) by performing a one tailed paired t-test on the reductions exhibited by both remediation options. In 12 schools further work is required to reduce the radon concentration to less than 400 Bq m −3 . The programme of work to measure radon concentrations in Irish schools is more fully described in Synnott et al (2004) .
Radon measurements in above-ground workplaces
During 2001 the RPII initiated its workplace measurement campaign by directing all employers with workplaces located in two pre-selected high radon areas to carry out radon surveys of their premises. In both grid squares, designated 'A' and 'B' for the purposes of this paper, more than 20% of homes are predicted to have radon concentrations above 200 Bq m −3 . Each grid square contains a large provincial town that serves as the postal address for most, if not all, businesses located within the grid square. Address lists were purchased from commercial databases and obvious duplicate addresses were eliminated before the direction campaign commenced. The issue of direction letters to the 3112 workplaces in the two grid squares was preceded by publicity through the local press and radio and by meetings with local employer groups. Non-respondents were written to on a second occasion within a 6-8 week period and, in the case of grid square A, a third letter was sent by registered post.
The response to the two surveys is summarised in table 3. At an early stage a total of 502 addresses were removed from the database either because the direction letter was returned by the postal service as being undeliverable or because of duplication i.e. the same business had more than one address. From a total valid sample of 2610 workplaces between the two grid squares, 408 had completed radon measurements on the basis of direction letters by April 2003. Of these, 37 (9.1%) required further action on the basis of radon concentrations exceeding 400 Bq m −3 . At the time of direction, three situations were recognised by the RPII as justification for an exemption from the direction to measure. These were that radon measurements had previously been carried out in the workplace, that the workplace was located above the ground floor or that the workplace was open to the outdoor air (i.e. it could be considered to be an outdoor rather than an indoor workplace). Several employers sought exemption on other grounds; the basis on which exemptions from the direction to measure were requested is summarised in table 4.
Of the 522 companies seeking exemptions, 140 did so on the basis of being located on the first or higher floor of a building. Only 32 companies indicated that they had previously undertaken radon measurements in their workplace. Of these, 10 (nine in grid square B and one in grid square A) had radon concentrations above 400 Bq m −3 while radon concentrations in the remaining 22 workplaces were below the reference level. No workplace claimed exemption on the basis of being an outdoor working environment although 49 did so on the basis of being well ventilated.
The most common basis for requesting an exemption from the direction to measure radon was that the workplace was located in a private home. Such requests represented 18% of all exemption requests received from grid square A and 33% of those received from grid square B. Reasons given included the use of a home address as a workplace contact point and the use of a family home as a 'bed and breakfast'. Only those workplaces that met one of the three criteria laid down at the start of the direction campaign were granted exemptions.
Discussion
At this stage the evaluation of radon exposure in underground workplaces and in schools has been well defined and, where appropriate, remedial measures have been or are in the process of being implemented. In the case of schools in which sumps have been installed, a programme of ongoing monitoring will be required to ensure that the system components continue to operate efficiently and that radon concentrations remain low.
As evidenced by the survey results from grid squares A and B, the large scale use of direction letters as a means of enforcing legislation to measure radon in workplaces located in high radon areas is not straightforward. One issue is the relatively poor response rate, despite awareness campaigns at the time of commencement. Visiting the main town in grid square A and comparing the workplaces listed in the database with those actually present highlighted a number of additional problems. Firstly, the commercial databases are out-of-date and therefore incomplete; it has been estimated that direction letters may not have been issued to up to 30% of workplaces in the grid square. Secondly, some employers who claimed exemption from measurement on the basis of being located on the upper floor of a building are now known not to have met that criterion.
It now seems clear that, if large scale direction campaigns are to be operated in the future, more prolonged advertising and awareness campaigns would seem to be called for. Even then, the cost-effectiveness of such programmes is open to question. This is similar to the experience when programmes to measure radon in homes were first introduced in the United States and the United Kingdom (Guimond and Page 1992, Lee 1992) . The inadequacies of the currently available databases will also limit the effectiveness of any future direction campaigns.
It must be realised that the measurement process is only the first step. Where radon concentrations above 400 Bq m −3 are identified, it is important that either the workplace in question is remediated or other legally required actions initiated so that the risks to workers are minimised. A number of experienced radon remediation companies already operate in Ireland and the marketplace is highly competitive.
Summary
Ireland has a very active programme of workplace radon measurement involving show caves, mines and schools. Initiatives to encourage measurements in other workplaces have been less successful and several important lessons have been learnt. Education and the provision of information are seen as the cornerstones of a successful measurement programme. A national remediation infrastructure is already in place with a proven ability to successfully reduce radon concentrations to well below the reference level of 400 Bq m −3 for workplaces.
